ABSTRACT: Two trials were conducted to evaluate the influence of malic acid supplementation on ruminal fermentation. In Trial 1, six Holstein steers (300 kg) with ruminal cannulas were used in a crossover design experiment to study the influence of malic acid (MA) on ruminal metabolism during glucose-induced lactic acidosis. Treatments consisted of a 77% steamflaked barley-based finishing diet supplemented to provide 0 or 80 g/d of MA. After a 13-d dietary adjustment period, 1 kg of glucose was infused into the rumen 1 h after the morning feeding. Ruminal pH was closely associated ( R 2 = .70) with ruminal DL-lactate concentration. Malic acid supplementation increased ( P < .01) ruminal pH 3 h after the glucose infusion. However, there were no treatment effects ( P > .10) on ruminal VFA molar proportions or ruminal and plasma DL-lactate concentrations. In Trial 2, four Holstein steers (150 kg) with cannulas in the rumen and proximal duodenum were used in a crossover design experiment to evaluate the influence of MA supplementation on characteristics of digestion. Treatments consisted of an 81% steam-flaked barley-based finishing diet supplemented to provide 0 or 80 g/d of MA. There were no treatment effects ( P > .10) on ruminal and total tract digestion of OM, ADF, starch, and feed N or on ruminal microbial efficiency. Malic acid supplementation increased ( P < .05) ruminal pH 2 h after feeding. As with Trial 1, there were no treatment effects ( P > .10) on ruminal VFA and DLlactate concentrations. We conclude that supplementation of high-grain finishing diets with MA may be beneficial in promoting a higher ruminal pH during periods of peak acid production without detrimental effects on ruminal microbial efficiency or starch, fiber, and protein digestion. There were no detectable beneficial effects of MA supplementation on ruminal and plasma lactic acid concentrations in cattle fed high-grain diets.
Introduction
Malic acid ( MA) has stimulated DL-lactic acid utilization in vitro, increasing pH, total VFA production, and propionate molar proportions Martin, 1991, 1994; Martin and Streeter, 1995) . Very low levels of MA supplementation (200 mg/d) did not influence ruminal VFA concentrations in steers fed a 79% high-moisture corn-based finishing diet (Kung et al., 1982) . Supplementation with higher levels of MA (27 to 80 g/d) increased ADG and feed efficiency in calves (90 to 120 d old; Sanson and Stallcup, 1984) and feedlot steers (Streeter et al., 1994) . There was no effect of MA supplementation (70 g/d) on birth weight and weight gain of calves or body weight and condition score of cows (Hackett et al., 1995) . In lactating dairy cows, MA supplementation (70 to 140 g/d) did not influence ruminal pH or milk yield and composition (Kung et al., 1982) . The objective of this study was to evaluate the influence of MA supplementation on ruminal pH and lactic acid concentration and characteristics of ruminal and total tract digestion in steers fed high-energy finishing diets.
Experimental Procedures
Trial 1. Six Holstein steers (300 kg) fitted with ruminal cannulas and jugular vein catheters were used in a crossover experiment to evaluate effects of MA supplementation on ruminal lactic acid and VFA concentrations during glucose-induced lactic acidosis. Treatments consisted of a basal finishing diet (Table  1 ) supplemented to provide 0 or 80 g/d of malic acid. Dry matter intake was restricted to 2.0% of BW. Diets were fed in equal portions at 0800 and 2000 daily. Malic acid (40 g/feeding; Sigma-Aldrich, St. Louis, MO) was mixed directly with the basal diet at time of feeding. Steers were maintained in individual pens with access to water at all times. The two experimental periods consisted of 13 d for diet adjustment followed by 1 d for sample collection. On d 14 at 0900 a 1-kg dose of glucose (diluted in 3 L of water) was infused into the rumen of each steer via the ruminal cannula. Ruminal samples were obtained via the ruminal cannula from each steer at 1000, 1100, 1200, 1400, and 1600 (1, 2, 3, 5, and 7 h after the glucose infusion). Ruminal fluid pH was determined, and, subsequently, 10 mL of freshly prepared 25% (wt/vol) meta-phosphoric acid was added to 40 mL of strained ruminal fluid. Samples were then centrifuged (17,000 × g for 10 min at 10°C), and supernatant fluid was stored at −20°C for VFA (gas chromatography; Zinn, 1991) and lactic acid analyses (Sigma Procedure No. 826-UV, Sigma Chemical Co., St. Louis, MO). Blood samples were obtained from each steer via the jugular vein catheter (2.1-mm × 13.3-cm Angiocath, Becton Dickinson, Sandy, UT) into heparinized tubes at 1000, 1100, 1200, 1400, and 1600. Immediately following collection, blood samples were centrifuged at 1,070 × g for 10 min at 10°C. Two milliliters of plasma was then added to 4 mL of cold ( 0°C ) 8% perchloric acid and vortexed for about 30 s. The mixture was maintained at 0°C for an additional 5 min to ensure complete protein precipitation before centrifugation at 1,500 × g for 20 min at 10°C. The supernatant fluid was stored at −20°C for lactic acid analysis. The trial was analyzed as a crossover design (Cochran and Cox, 1950) .
Trial 2. Four Holstein steers (150 kg) with cannulas in the rumen and proximal duodenum (Zinn and Plascencia, 1993) were used in a crossover design experiment to evaluate the effects of MA supplementation on characteristics of digestion. Treatments consisted of a basal finishing diet (Table 1 ) supplemented to provide 0 vs 80 g/d MA. Chromic oxide was included in the basal diet as a digesta marker. Malic acid was mixed directly with the basal diet at the time of feeding. Dry matter intake was restricted to 2.0% of BW. Diets were fed in equal portions at 0800 and 2000 daily. Calves were maintained in individual pens with access to water at all times. The two experimental periods consisted of a 10-d diet adjustment period followed by a 4-d collection period. During collection, duodenal and fecal samples were taken from all steers twice daily as follows: d 1, 0730 and 1330; d 2, 0900 and 1500; d 3, 1030 and 1630; and d 4, 1200 and 1800. Individual samples consisted of approximately 500 mL of duodenal chyme and 200 g (wet basis) of fecal material. Samples from each steer and within each collection period were composited for analysis. During the final day of each collection period, ruminal samples were obtained via the ruminal cannula from each steer at −1, 1, 2, 3, and 4 h after feeding. Ruminal fluid pH was determined on fresh samples. Samples were strained through four layers of cheesecloth. Two milliliters of freshly prepared 25% (wt/vol) meta-phosphoric acid was added to 8 mL of strained ruminal fluid. Samples were then centrifuged (17,000 × g for 10 min at 10°C), and supernatant fluid was stored at −20°C. Upon completion of the trial, ruminal fluid was obtained from all steers and composited for isolation of ruminal bacteria via differential centrifugation (Bergen et al., 1968) . Samples were subjected to all or part of the following analysis: DM (oven drying at 105°C until no further weight loss); ash, Kjeldahl N, ammonia N (AOAC, 1975) ; purines (Zinn and Owens, 1986) ; VFA concentrations of ruminal fluid (gas chromatography; Zinn, 1991) ; lactic acid (Sigma Procedure No. 826-UV, Sigma Chemical Co.); chromic oxide (Hill and Anderson, 1958) ; and starch (Zinn, 1990) . Microbial organic matter ( MOM) and N ( MN) leaving the abomasum was calculated using purines as a microbial marker (Zinn and Owens, 1986) . Organic matter fermented in the rumen was considered equal to OM intake minus the difference between the amount of total OM reaching the duodenum and MOM reaching the duodenum. Feed N escape to the small intestine was considered equal to total N leaving the abomasum minus ammonia N and MN and, thus, includes any endogenous contributions. Methane production was calculated based on the theoretical fermentation balance for observed molar distribution of VFA (Wolin, 1960) . The trial was analyzed as a crossover design (Cochran and Cox, 1950) . 
Results and Discussion
Results of Trial 1 are shown in Tables 2 and 3 . Ruminal pH was closely associated ( R 2 = .70) with ruminal DL-lactate concentration. Supplemental MA increased ( P < .01) ruminal pH 3 h after the glucose infusion. However, ruminal concentrations of VFA, lactate, and glucose were not affected ( P > .10). Streeter et al. (1994) , working with steers fed an 80% concentrate diet (intake restricted to 2.0% of BW), observed that MA supplementation (80 g/d) increased ruminal pH, but it had very little effect on ruminal lactate concentrations. Failure to observe an apparent effect of MA on ruminal lactate concentration in both of these studies is puzzling. The stimulatory effects of MA on lactic acid fermentation have been clearly demonstrated in vitro Martin and Streeter, 1995; Callaway and Martin, 1996) . As a key intermediate in the succinatepropionate pathway, MA enhances lactic acid fermentation by Selenomonas ruminantium. Nevertheless, there is mounting evidence that the effect of MA on lactic acid utilization may largely depend on the general nature of the substrate and the stage of fermentation. Nisbet and Martin (1994) , for example, observed that the stimulatory effects of MA on lactate utilization were inhibited when cultures were grown on soluble carbohydrate. Evans and Martin (1997) observed that the effects of MA on lactate fermentation were inhibited in the presence of 15 mM glucose. In the present study (Trial 1, Table 2 ), ruminal glucose concentration exceeded 15 mM for at least 3 h following the glucose infusion. This differential influence of MA on lactate utilization indicates that stimulatory effects are inducible. To the extent that the utilization of MA is inhibited by the presence of other preferred substrates, its beneficial effects on lactic acid fermentation will be likewise inhibited. Thus, the high levels of readily available carbohydrates in combination with the 1-kg glucose infusion may have been the cause for the lack of response to MA on ruminal lactate concentration.
Ruminal and plasma concentrations of D-lactate were not closely associated ( R 2 = .21; Table 3 ). In contrast, there was a close association ( R 2 = .75) between ruminal and plasma L-lactate. The low correlation between ruminal and plasma D-lactate is probably due to the slower rate of D-lactate metabolism by the liver (Telle and Preston, 1971) .
Malic acid supplementation did not affect ( P > .10) ruminal or total tract digestion of OM, ADF, starch and feed N, or ruminal microbial efficiency (Trial 2, Table 4 ). Malic acid supplementation increased ( P < .05) ruminal pH 2 h after feeding (Table 5 ). As in Trial 1, there were no treatment effects ( P > .10) on ruminal VFA and lactic acid concentrations or estimated methane production. In steers fed high-forage diets (49% concentrate), Kung et al. (1982) observed that MA supplementation (84 g/d) did not influence ruminal pH, VFA molar proportions, or total tract digestion of OM, ADF, and N.
Implications
Supplementation of high-grain finishing diets with malic acid may be beneficial in promoting a higher ruminal pH during periods coincident with maximal acid production. Malic acid supplementation will not affect ruminal microbial efficiency or ruminal and total tract digestion of starch, fiber, and protein. There are apparently no beneficial effects of malic acid supplementation on ruminal and plasma lactate concentrations in cattle fed high-grain diets.
